Poliovirus (PV) is the causal agent of paralytic poliomyelitis, a disease that involves the 27 destruction of motor neurons associated with PV replication. In PV-infected mice, motor 28 neurons die through an apoptotic process. However, mechanisms by which PV induces cell 29 death in neuronal cells remain unclear. Here, we demonstrate that PV infection of neuronal 30 IMR5 cells induces cytochrome c release from mitochondria and loss of mitochondrial 31 transmembrane potential, both of which are evidence of mitochondrial outer membrane 32 permeabilization. PV infection also activates Bax, a pro-apoptotic member of the Bcl-2 33 family; this activation involves its conformational change and its redistribution from the 34 cytosol to mitochondria. Neutralization of Bax by vMIA protein expression prevents 35 cytochrome c release, consistent with a contribution of PV-induced Bax activation to 36 mitochondrial outer membrane permeabilization. Interestingly, we also found that c-Jun NH2-37 terminal kinase (JNK) is activated soon after PV infection and that the PV-cell receptor 38 interaction alone is sufficient to induce JNK activation. Moreover, the pharmacological 39 inhibition of JNK by SP600125 inhibits Bax activation and cytochrome c release. This is, to 40 our knowledge, the first demonstration of JNK-mediated Bax-dependent apoptosis in PV-41 infected cells. Our findings contribute to our understanding of poliomyelitis pathogenesis at 42 the cellular level. 
INTRODUCTION 50
The integrity of the cell plasma membrane was checked by incubating aliquots of 2 x 10 5 cells 176 with 1 g/ml propidium iodide (PI; excitation wavelength, 535 nm; emission wavelenght, 617 177 nm; Immunochemistry Technologies, LLC) for 15 min at 37°C. PI cannot enter cells with 178 intact plasma membrane; when the integrity of the plasma membrane is disrupted, cells 179 
Whole cell extracts 221
Approximately 5 x 10 6 cells were collected and washed with PBS, then resuspended in lysis 222 buffer (20 mM Tris pH 7.5, 135 mM NaCl, 2 mM EDTA, 1% Triton-X100, 10% glycerol) 223 supplemented with a protease inhibitor mixture and phosphatase inhibitor cocktail. The cells 224 A C C E P T E D immunoprecipitation buffer, and was then suspended in 50 l of Laemmli's buffer 249 supplemented with reducing agent. 250
251

Western-blot analysis 252
Protein concentrations were determined by using a Bio-Rad protein assay kit (Bio-Rad, 253
Richmond, CA). Samples containing equal quantities of protein were resuspended in 254
Lammeli's electrophoresis sample buffer containing reducing agent, denatured by boiling for 255 5 min, and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (10-20% 256 Tricine gels; Novex). The proteins were then transferred to nitrocellulose membranes 257 (Amersham Biosciences). Nonspecific sites were blocked by incubation for 1 h at room 258 temperature with 5% nonfat milk and 0.1% Tween 20 in PBS (PBST, pH 7.4), and the 259 membranes were incubated overnight at 4°C or 2 h at room temperature with the primary 260 antibody. Membranes were then washed in PBST and treated with appropriate HRP-261 conjugated secondary antibody for 1 h at room temperature. The immunoblots were washed in 262 PBST and proteins were revealed using an enhanced chemiluminescence detection kit 263 (Amersham Biosciences) and autoradiography. Anti-actin and Cox IV antibodies were used to 264 verify equal protein loading. The intensity of the bands was determined by densitometry. 265
266
Cytochrome c and active Bax immunofluorescence staining 267
IMR-5 cells were grown on polylysine-coated (10 g/ml) slides and were fixed for 15 min at 268 4°C in paraformaldehyde (4%), and then permeabilized by treatment with 0.2% Triton X-100 269 in PBS for 5 min. The cells were incubated for 1 h in blocking buffer (2% bovine serum 270 albumin in PBS), and then for 2 h at room temperature with primary antibody: a sheep anti-271 cytochrome c (Sigma) or a rabbit anti-Bax which do not recognize the non-activated Bax (NT, 272 Upstate). The cells were washed 3 times for 5 min in blocking buffer and then incubated for 2 273
A C C E P T E D
washes, images were acquired using a Leica DMRB. 275
276
Statistical Analysis 277
Data are expressed as means ± standard errors of the mean for three independent experiments. 278 Student's test was used for comparison between experimental conditions and controls. A 279 value of P<0.05 was considered significant. ) at 6 h p.i. and this proportion was higher 9 h p.i. (Fig. 1B) . The kinetics of PV-292 induced apoptosis paralleled the kinetics of virus production (Fig. 1C ) and the onset of 293 cytopathic effects (the rounding and detachment of cells from the plate) (Fig. 1D) . The 294 membrane integrity of collected cells was checked by propidium iodide staining followed by 295 flow cytometry. An intact cell membrane -often used to distinguish between apoptosis and 296 necrosis -, blocks the entry of propidium iodide into cell. When cells undergo secondary 297 necrosis or late apoptosis, they become permeable to propidium iodide. In PV-infected cells,propidium iodide only much later after infection, as shown at the 14 h p.i. time point, when 300 late apoptosis occurred or the cells were already dead. We then tested whether the 301 mitochondria transmembrane potential ( m) collapses during PV infection. Both adherent 302 and detached cells cells were treated with the fluorescent dye DiOC 6 , and mock-infected and 303 STS-treated IMR5 cells were used as negative and positive controls, respectively ( Fig. 2A-B) . 304
Cells infected with PV exhibited a clear drop in the m at 6 h ( Fig. 2A ) that progressed 305 further at 9 h p.i. (Fig. 2B) . 306
In view of the m loss, we followed the kinetics of cytochrome c efflux from mitochondria 307 as a surrogate indicator of MOMP in PV-infected cells. Whole cell extracts were fractionated 308 to separate the cytosolic fraction from the heavy membrane fraction including mitochondria. 
mitochondria. 318
Cytochrome c release leads to the activation of initiator caspase-9 (44). We therefore assessed 319 caspase-9 activation in PV-infected IMR5 cells at 6 h and 8 h p.i., by flow cytometry with a 320 FLICA apoptosis detection kit, based on the specific binding of a fluorescein-labeled inhibitor 321
(FAM-LEHD-fmk; Immunochemistry Technologies, LLC) to active caspase ( Fig 2E) .
Bax-mediated MOMP in PV-infected IMR5 cells 327
We investigated upstream signals that triggered m loss in PV-infected cells. The 328 mitochondrial pathway is regulated by the members of the Bcl-2 family including the 329 proapoptotic protein Bax that promotes the release of cytochrome c (15). In healthy cells, 330 most Bax is located in the cytoplasm. Bax-mediated cell death occurs through well-controlled 331 steps including a conformational change that exposes the NH2-terminus of Bax and its 332 translocation from the cytosol to mitochondria (28, 74). 333
We followed the translocation of Bax into mitochondria in PV-infected IMR5 cells by 334 subcellular fractionation and Western blotting with an anti-Bax antibody (Fig. 3A) . In mock-335 assessed by Western blotting analysis with anti-myc antibody (Fig. 3D, top) . Eight hours after 367 PV infection, cytochrome c release into the cytosolic fraction was reduced in cells expressing 368 vMIA but not in pcDNA3.1-transfected cells (Fig. 3D, bottom immunoblotting to analyze the kinetics of Bid and procaspase-8 processing in IMR5 cells 379 following PV infection: Bid was clearly processed 14 h p.i. and the decrease in the amount of 380 procaspase-8 suggested that caspase-8 activation occurred at the same time point (Fig. 4A,  381 top). We confirmed caspase-8 activation in PV-infected IMR5 cells at 14 h p.i., by flow 382 cytometry with a FLICA apoptosis detection kit, based on the specific binding of a 383 fluorescein-labeled inhibitor (FAM-LETD-fmk; Immunochemistry Technologies, LLC) to 384 active caspase (Fig. 4A, bottom) . We found that the cells displayed caspase-8 activation at 385 this time point, when procaspase-8 processing began to be detected (Fig. 4A, top) . Thus, PV-386 infected IMR5 cells display concomitant caspase-8 activation and Bid processing. These 387 Bim EL plays a major role in mitochondrial dysfunction in PV-infected cells, we down 400 regulated Bim EL expression using specific siRNA. Western blot analysis with a specific 401 antibody showed that Bim EL expression was significantly lower in IMR5 cells transfected 402
with Bim EL siRNA than in those transfected with a non-targeted control siRNA (Fig. 4C, top) . (Fig. 4C, bottom) . increased to peak at 30 min p.i. (Fig. 5) . Total levels of JNK and c-Jun forms were similar atshown). 424
We then investigated whether JNK activation was required for the translocation of Bax to 425 mitochondria and the induction of cytochrome c release in PV-infected IMR5 cells. The 426 specific JNK inhibitor SP600125 (25 M) (9) was added to cells 2 h before PV infection, and 427 was maintained during the adsorption period and throughout infection, to inhibit JNK activity. 428
Time zero corresponds to the time of inoculation. The catalytic JNK activity was assayed by 429 following the phosphorylation of c-Jun (Fig. 6A) . SP600125 prevented the phosphorylation of 430 c-Jun in PV-infected cells, whereas JNK upstream kinases were not affected, given that JNK 431 phosphorylation was not modified with SP600125. 432
We next investigated mitochondrial translocation of Bax in PV-infected IMR5 cells treated 433 with SP600125. The amount of Bax was unaffected (Fig. 6B ), but treatment with SP600125 434 strongly inhibited Bax translocation from the cytosolic fraction to the heavy membrane 435 fraction in PV-infected cells (Fig. 6C) . Similarly, SP600125 strongly inhibited cytochrome c 436 release from the mitochondria into the cytosol of PV-infected IMR5 cells (Fig. 6D ) but did 437 not affect the overall abundance of this protein (Fig. 6B) . Furthermore, in the presence of JNK 438 inhibitor, there was a delay in the onset of cell layer damage in PV-infected cells, as clearly 439 observed at the 8 h p.i. time point (Fig. 6E) , with no effect on the amount of total virus 440 produced (Fig. 6F) . At later time points, cell layer damage was similar in treated and 441 untreated cells, as shown for the 14 h p.i. time point. As there was an apparent discrepancy 442 between the delayed destruction of infected cells in the presence of JNK inhibitor (Fig. 6E)  443 and the absence of change in viral yield (Fig. 6F) , we assessed possible effects of the delay in 444 cell layer damage on externalization of the virus. As expected, virus release was delayed inpoints, no difference was observed in the level of extracellular virus between treated and 447 untreated cells, consistent with the similar appearance of the corresponding cell layers. 448
Overall, these results show that PV induces JNK activation in IMR5 cells and this early event 449
is required for Bax translocation, MOMP and cell death. This activation may also be involved 450 in early viral release. 451
452
UV-inactivated PV also induces JNK phosphorylation but not apoptosis in IMR5 cells 453
We investigated whether PV adsorption onto IMR5 cells could induced JNK activation in the 454 absence of PV replication by assessing JNK phosphorylation after the addition of UV-455 inactivated PV to IMR5 cells at a dilution corresponding to an MOI of 10 TCID 50 per cell. 456
The complete abolition of viral infectivity by UV light treatment was confirmed by titration 457 assay with undiluted viral suspension. We also checked that UV inactivation did not modify 458 (Fig. 7A) . However, no apoptosis was detected by flow cytometry after AO 464 staining, 8 h after the addition of UV-inactivated PV, whereas apoptosis was detected at the 465 same time point in cells infected with infectious PV (Fig. 7B) . Thus, PV-induced JNK 466 phosphorylation is necessary, but not sufficient, to trigger apoptosis and seems to require PV 467 post-adsorption events. Thr 506 substitution near the binding site of CD155 for PV and corresponding to a switch from one 507 allelic form of the PV receptor to another previously identified allelic form (36, 50), are less 508 susceptible to PV-induced apoptosis than those expressing the Ala67 form (24). Therefore, 509 although speculative, it is possible that JNK activation is poorly efficient or delayed in cells 510 expressing the mutated receptor. 511
However, as shown with UV-inactivated PV, JNK activation was not sufficient to trigger PV-512 induced apoptosis requiring PV replication in our model. Indeed, in addition to the PV/CD155 513 interaction, several non structural viral proteins have been implicated in the apoptotic process 514 in PV-infected cells. The 2A and 3C proteases of PV can each trigger cellular apoptosis in the 515 absence of other viral gene products (6, 23). However, the 3C protease may also be able to 516 delay or prevent apoptosis as it mediates the degradation of the transcriptional activator p53 517 (72). Another non structural protein, 3A, has an anti-apoptotic activity (19, 53, 54). Thus, PV-518 induced apoptosis is complex and involves a delicate balance influenced by several viral and 519 cellular proteins that may dictate the outcome of the cell.and apoptotic features were first observed in PV-infected cells 6 h p.i. As previously reported 522 by Agol's group (1), several different courses of events may occurred in PV-infected cells 523
between 30 min and 6 h p.i. These events may concern the balance between pro-and anti-524 apoptotic viral proteins: a signal from phosphorylated JNK to the mitochondria may be 525 transduced via an unidentified pathway involving pro-apoptotic viral proteins, whereas Bax 526 activation may be delayed by cellular or viral inhibitors of apoptosis soon after PV infection. 527
The interaction of PV with its receptor may be the first event tipping the scale toward 528 apoptosis in PV-infected cells. It would therefore be interesting to evaluate the involvement of 529 the PV/CD155 interaction, particularly as concerns JNK activation, in the context of the 530 interplay between the pro-and anti-apoptotic proteins encoded by PV. 531
In conclusion, we demonstrated that the activation of the apoptotic mitochondrial pathway in 532
PV-infected neuronal IMR5 cells was Bax-dependent and mediated by early JNK activation. 533
This is the first report, to our knowledge, of JNK-mediated Bax-dependent cell death 534 associated with PV infection. These studies shed more light on the network of pathways 535 leading to PV neuropathogenicity. 
